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Introduction
The remarkable combination of spectroscopic and electrochemical properties of ruthenium and osmium based polypyridyl complexes, 1 , 2 which can be tuned in a predictable manner synthetically and by electrochemical oxidation or reduction, has led to their widespread application to molecular machines, 3 dye-sensitized solar cells, 4 electro-and optical sensors, 5 chemiluminescent devices 6 and electrochromic displays, 7 and have proven invaluable in development of nonlinear optics, 8 artificial photosynthesis, 9 and molecular electronics. 10 Multinuclear metal polypyridyl complexes are of particular interest in regard to transfer either electronic charge or excitation from one site of coordination to the other via -delocalized bridging ligands manifested in near-infrared (NIR) absorptions. 11 In principle, such intramolecular charge transfer in binuclear complexes can be exploited for the realization of miniaturized sub-nanoscale devices where electrons or photons dispatch "information" between specific sites within distances of the order of a few angstroms. 12 A key challenge therefore is to be able to control not only the strength of the interaction between the two metal centers both in the ground and excited state but also the direction. This can be achieved through the structural modification of the bridging ligand and the variation of the nature of the coordinating metal centers. In this regard dinuclear complexes bridged by negatively charged 1,2,4-triazolato moieties including homonuclear and heteronuclear 2,2'-bipyridyl based Ru(II) and Os(II) complexes 13, 14, 15, 16, 17, 18, 19, 20 as well as cyclometallated complexes based on Rh and Ir 21 have been investigated by our group over recent years, in particular with respect to the ground state and excited state intercomponent interaction.
Here we report the synthesis and characterization of two binuclear complexes of ruthenium and osmium, containing both bpy (2,2'-bipyridine) and tpy (2,6-bis(pyridin-2'-yl)-pyridine) as peripheral ligands of the general formula [(bpy) 2 M(bpt)Ru(tpy)Cl] 2+ where M = Ru (1a) and Os (2a) (Figure 1 ). In compounds 1a and 2a the bridging ligand 3,5-bis(pyridin-2'-yl)-1,2,4-triazolato (bpt) is negatively charged. In contrast to related pseudo-symmetric systems, 13, 14 
Experimental Section
Materials. All solvents employed in spectroscopic measurements were of spectroscopic grade (Sigma-Aldrich). All other solvents were of HPLC grade or better. cis-Ru(bpy) 2 and Ru(tpy)Cl 3 , 24 d 8 -bpy 25 and 3,5-bis(pyridin-2-yl)-1,2,4-triazole (Hbpt) 26 were prepared by reported procedures. Gold colloid for SERS measurements were prepared by standard methods. 27 The syntheses of the mononuclear complexes were as reported in the literature. 13 [Ru(bpy) 2 Instrumental methods 1 H-NMR spectra were recorded on a Bruker Advance 400 MHz NMR spectrometer. All measurements were carried out in CDCl 3 for ligands and in d 3 -acetonitrile for complexes. Data are relative to residual solvent. UV/vis absorption spectra were recorded on a JASCO 570 UV/vis/NIR or a JASCO 600 UV/vis spectrophotometer using a 1 cm pathlength quartz cells.
Absorption maxima are ± 2 nm: molar absorptivities are ±10 %. Emission spectra were recorded at 298 Examination of the resonances of the tpy ligand in complexes 1 and 2 gives additional support for this structural assignment. The protons Hn and Hn" on the py rings of the tpy ligand are not chemically equivalent in complexes 1 and 2. This is shown by the fact that the chemical shifts of H3 and H3", H5
and H5", and H6 and H6", are different. This asymmetry indicates that the chlorido ligand is not equidstant to the two pyridyl rings of the tpy ligand, i.e. it does not lie in the plane formed from the Ru-N bonds with the pyridyl and triazolato rings of the bpt ligand and hence the Ru(tpy)Cl center is in a distorted octahedral geometry.
UV/Vis absorption and emission spectroscopy.
Electronic absorption and emission data for the mononuclear and dinuclear complexes are listed in Table 1 . All complexes exhibit absorption and emission properties that are characteristic of ruthenium(II) and osmium(II) based polypyridyl complexes with triazolato containing bridging ligands. The absorption spectra for 1a and 2a are shown in Figure 4 . In the UV region (< 350 nm) the absorptions are assigned to * intra-ligand electronic transitions associated with the bpy, tpy and bridging triazolato ligands, 1,13 whereas those in the visble region (400-570 nm) are assigned to 1 MLCT (metal ligand charge transfer) transitions. 1 The shoulder at ca. 525 nm is typical for ruthenium(II)(N5)chlorido complexes. 28 The absorptions >570 nm are assigned to 3 MLCT transitions in the case of 2a, however for 1a a significant absorption is observed in this region also which are reminscent of the absorption spectrum of [Ru(tpy) 2 ] 2+ . 29 These assignments are supported by resonance Raman spectroscopy (vide infra). The emission spectra of both 1a and 2a show maxima at 757 nm and 768 nm, respectively ( Figure 5 ). Table 1) is typical of emission from a 3 MLCT excited state, either localized on a bpy or on a tpy ligand. The near coincidence in energy of the emission of the two complexes could suggest that the emission is localized at the same metal center for both complexes, i.e. the [Ru(tpy)Cl] + center. However, the differences in emission lifetimes and intensities indicate otherwise. For 1a, the emissive 3 MLCT state is assigned to be localized on the [Ru(tpy)Cl] + moiety on the basis that the related complex 13, 15 [Ru(bpy) 2 (bpt)Ru(bpy) 2 ] 3+ has an emission maximum at 648 nm (Table 1 ). The lifetime of the emission of 1a is considerably longer (58 ns) than that expected for compounds such as [Ru(tpy)(phen)Cl] + for which the lifetimes are < 1ns 30 and is closer to that of [Ru(bpy) 2 (bpt)Ru(bpy) 2 ] 3+ (100 ns), 15 however, the substitution of the bpy ligand of [Ru(tpy)(bpy)Cl] + with the strongly -donating triazolato ligand will raise the energy of the 3 MC excited state which is typically the major excited state deactivation channel for ruthenium(II) polypyridyl complexes. 1 In the case of 2a the shorter lifetime of the emission (13 ns) and the similarity in emission energy to the related complexes 15 [Os(bpy) 2 (bpt)Os(bpy) 2 ] 3+ and [Os(bpy) 2 (bpt)Ru(bpy) 2 ] 3+ suggests that the emissive excited state is localized on the Os(bpy) 2 moiety. Furthermore the relatively higher intensity of emission for 2a over 1a despite the shorter excited state lifetime ( Figure 5) indicates that 2a has a shorter radiative lifetime in accordance with a switch from a ruthenium(tpy) to an osmium(bpy) centered emission between 1a and 2a. 
In both cases the emission energy and lifetime (

Photostability
Previously it was shown for complexes of the type [Ru(bpy) 2 (L)Cl]+ where L = pyridine, 31 4-vinylimidazole 32 and poly-4-vinyl-pyridine, 33 that rapid loss of a chlorido ligand can be observed by photochemical or thermal activation and photoinduced ligand loss has been observed for [Ru(tpy)(bpy)Cl] + also. 28a The photostability under visible excitation of 1a and 2a in acetonitrile was determined by HPLC. Formation of a main photolysis product is detected only on extended photolysis after 48 and 72 h irradiation for 1a and 2a, respectively. This product manifests itself in the appearance of a peak in the HPLC chromatogram at a retention time longer than observed for 1a and 2a (see Supplementary Information) , which indicates that the photoproduct is more positively charged. Comparison of the absorption spectra of 1a and 2a and the primary photolysis product indicates the loss of the chlorido ligand (see Supporting Information Figure S6 ). This indicates that cleavage of the Ru-Cl bond is unlikely to be significant on the time scale of the absorption and Raman spectroscopic studies (vide infra).
Figures S4 and S5 in
Resonance Raman spectroscopy
Resonance Raman spectra for compounds 1a/1b and 2a/2b were recorded in acetonitrile solution at room temperature upon excitation at 355, 400.8, 449, 473, 532 and 561 nm (see Figure 4 for absorption spectra). Isotopic labelling indicates that between 400 and 473 nm the Raman spectra are dominated by resonance enhanced bands from vibrational modes of the bpy (Figure 6) . At 532 nm, the Raman spectrum shows contributions from vibrational modes assignable to the other ligands, e.g. tpy, 34 Electrochemical properties.
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The redox properties of dinuclear complexes 1a and 2a are detailed in Table 1 . Two reversible oxidative processes are observed for each complex, both of which are assigned to one-electron metalcentered oxidations (Figure 8 ). The potential of the first oxidation step of the dinuclear complexe 1a is different than the value obtained for the related dinuclear compounds 13 [Ru(bpy) 2 (bpt)Ru(bpy) 2 ] 3+ (Table 1) . For 1a (0.72 V vs SCE) the first oxidation is significantly less positive that for the related complex 13 30 The less positive potential of the second oxidation of 1a compared with 13 [Ru(bpy) 2 (bpt)Ru(bpy) 2 ] 3+ reflects the increased electron density on the Ru III (tpy)Cl moiety compared with a Ru III (bpy) 2 moiety (i.e. lower redox potential in the case of the former). The reductive electrochemistry of 1b is shown in Figure S8 (See Supplementary Information) .
Several reduction processes are observed at potentials typical of those of polypyridyl complexes however an irreversible reductive process at ca. 1.2 V vs SCE serves to distort the remaining reduction processes precluding a detailed analysis similar reductive electrochemistry is observed for all complexes.
For complex 2a the first oxidation is at the same potential (Figure 8 ) as the first oxidation of dinuclear complex 14 [Os(bpy) 2 (bpt)Ru(bpy) 2 ] 3+ (Table 1) and is assigned (vide infra) to the Os(bpy) 2 -moiety. The second oxidation of 2a (0.86 V) is higher than the first oxidation of 1a (0.72 V) indicating that the Os III (bpy) 2 center reduces the -donor properties of the triazolato ligand compared with the Ru II (bpy) 2 moiety in 1a. The oxidation potential of Ru II center of 2a is comparable with that of the mononuclear complex 30 [Ru(bpy)(tpy)Cl] + (Table 1) as expected on the basis of the reduced -donor ability of the triazolato unit in 2a + than in 1a.
Spectroelectrochemistry.
Bulk electrolysis at 0.80 and 0.70 V for 1a and 2a, respectively, generates the mixed valence state.
The fully oxidized state is obtained by electrolysis 1.35 V for 1a and 0.95 V for 2a ( Figure 9 ). For complex 1a the formation of a mixed valence state is manifested in the decrease in the intensity of the Oxidation of 2a at 0.70 V to form the Os III Ru II redox state results in a decrease in intensity of the 1 MLCT absorptions at 20000 and 22500 cm -1 , and the 3 MLCT absorption (13000-17000 cm -1 ). These changes are accompanied by the appearance of an absorption band at 6000 cm -1 . The latter feature is assigned to an MMCT transition on the basis of its subsequent disappearance upon oxidation of the second metal center at 0.95 V. In addition to a decrease in the MMCT band, the MLCT bands decrease further in the fully oxidized state (Figure 9 ).
Charge transfer band analysis.
The delocalization parameter (α 2 ) and the electronic coupling constant (H ab ) were calculated for 1a
and 2a with Eqs. 1 and 2 from the spectroelectrochemical data ( 
where  max is the molar absorptivity of the MMCT band (M -1 cm -1 ), Δ ½ is the peak width at half height of the MMCT band (in cm -1 ), d is the nominal electron transfer distance between the metal centers (6.2 Å for bpt-bridged complexes 1a and 2a) 37 and E op is the energy of the MMCT band in cm -1 . where ΔE is the difference between the oxidation potentials of the metal centers in the binuclear complex (redox asymmetry 38 ). In case of complexes 1a and 2a the value of Δ ½ determined directly from spectroelectrochemical data is larger than that calculated Δ ½calc ( Table 2) , indicating that the system is best described as Type II (valence localized, M II M III ) in the classification proposed by Robin and Day. 39 However it should be noted that the use of E, the difference in redox potentials, must take into account the electrostatic interaction between the metal centers, which can be approximated by the shift in the redox potential of the Ru(trpy) unit between complex 1 and 2, if other factors such as changes in backbonding etc are ignored. From Table 2 this is calculated to be 140 mV, and hence the contributions from inherent difference in redox potentials between the metal centers are 330 mV and 60 mV and hence Δ ½calc to be 3202 and 3570 cm -1 , for 1 and 2, respectively. Hence even though these values are greater than in table 2 with this correction the complex is still best described as valence localized. (38) It should be noted that the use of redox asymmetry i.e. the difference in redox potential, to assess the degree of internuclear interaction in terms of delocalization is not advisable even in the case of fully symmetric systems, as the electrostatic contribution do asymmetry can be significant. In the present study the inherent asymmetry due to differences in the coordination environment of the metal centers contributes the most to redox asymmetry with delocalization and internuclear interaction make a second order contribution. A direction of energy and optical electron transfer in a heterobimetallic polypyridyl complex is switched without significant changes in electronic absorption or emission properties
Conclusions
